Abstraet--Diquat 2+ (1,1'-ethylene-2,2'-dipyridinium ion) and paraquat 2 § (1,1'-dimethyl-4,4'-dipyridinium ion) were competitively adsorbed by Na-saturated kaolinites, smectites and expanded and collapsed vermiculites. The relative preference for one or the other cation varied with the surface charge densities of the adsorbents and the location of the adsorption site, i.e. internal or external. Minerals with high surface charge exhibited preference for diquat whereas minerals with low surface charge preferred paraquat. Expanded vermiculites preferentially adsorbed diquat on internal surfaces. Collapsed vermiculites generally showed a preference for paraquat. Smectites and kaolinites preferentially adsorbed paraquat.
INTRODUCTION
DIQUAT 2+ (1,1'-ethylene-2,2'-dipyridinium ion) and paraquat 2 § (1, l'-dimethyl-4,4'-dipyridinium ion) are contact herbicides, usually supplied as the chloride or bromide salts. Both compounds are soluble in water and dissociate to give divalent organic cations, similar in composition, but differing in the locations of the nitrogens and thus the charges in the pyridine rings: Charge separation on the diquat ion is about 3.5 A whereas it is about 7 ,~ on the paraquat ion. Weed and Weber (1968) suggested that this difference in charge separation could explain observed relationships between competitive adsorption of diquat vs. paraquat and surface charge densities (o-) of layer silicate adsorbents.
Results of competitive adsorption of diquat vs. paraquat on external surfaces of micas and vermiculites have been interpreted in terms of the relative agreement between charge separation on the cations and charge separation on the minerals, due allowance being made for steric hindrance among adsorbed cations (Weed and Weber, 1968; *Paper No. 3392 of the Journal Series of the North Carolina State University Agr. Exp. Sta., Raleigh, N. C. 27607. Philen, Weed and Weber, 1970) . That is, they reflect the relative goodness-of-fit between positive and negative charges. When the two divalent, organic cations compete for adsorption on a mineral surface, that cation, both of whose charges can more nearly approach the adsorbent charge sites, is preferentially adsorbed. Philen, Weed and Weber (1970) used this relationship to devise a method for estimating o-of clay and silt-sized micas and vermiculites. They reported that the relative amounts of diquat and paraquat adsorbed from mixed solutions of the two cations varied linearly with the o-of the mineral adsorbent when adsorption was restricted to external surfaces. Diquat was preferred at high values of tr, whereas paraquat was preferred on lower-charged surfaces. Adsorption on internal surfaces appeared to accentuate the differences between diquat and paraquat adsorption, which meant that the utility of competitive adsorption for estimating o-demanded that the minerals be completely collapsed.
The same type of relationship between o-and competitive adsorption discussed above for external surfaces undoubtedly applies on internal surfaces. Here, however, the density of charges is effectively doubled, since there are two charged surfaces in association with the single layer of organic cations. Diquat and paraquat do not form double molecular 295 layers in the interlayer space (Weed and Weber, 1968) . A given adsorbed divalent cation might counter adsorbent charge on one or both of the surfaces. Again, the preferred cation would be the one whose positive charges could come into closest proximity to adsorption sites, whether in a single or opposing surfaces. On a highly charged external mica surface, if the adsorption sites are assumed to be distributed in the same pattern as the unit cells, with one site per unit cell surface, the ~r is approximately 10 • 104 esu/cm 2. In the interlayer space, the density is effectively doubled, i.e. 20• 104 esu/cm 2. This concentration of sites is too dense for complete countering by either diquat or paraquat (Weed and Weber, 1969) . For an average surface charge density of 8-9 • 104 esu/cm 2, either diquat or paraquat can satisfactorily counter the charge on external surfaces, and there is no preferential adsorption (Philen, Weed and Weber, 1970) . In the interlayer region, however, the more closely spaced charges on the diquat cation can presumably come into closer proximity to adsorbent sites in opposing surfaces with less steric hindrance among adsorbed cations. Actually, neither diquat nor paraquat is adsorbed to 100 per cent of the CEC on high-charged expanded micas and vermiculites (Weed and Weber, 1969) . However, preference for diquat in the interlayer region of vermiculite is enhanced compared to adsorption on the external surface. With decreasing o-, this preference for diquat over paraquat decreases in accordance with space requirements and relative distances between positive and negative charge sites.
Smectites also vary widely in total charge and presumably in tr. Harward, Carstea and Sayegh (1969) studied a group of smectites exhibiting a range of cation exchange capacity (CEC) from 0.95 to 1.38me/g. Schultz (1969) presented an extensive list of smectites varying in CEC from 0.87 to 1.74 me/g. In neither case were surface area data given, so that values for ~r cannot be calculated. However, data obtained for smectites studied in our laboratory indicate that o-may differ by at least a factor of two for different clays.
If adsorption of diquat vs. paraquat could be limited to external surfaces of the smectites, it is probable that the relationship between tr and competitive adsorption reported for micas and collapsed vermiculites (Philen, Weed and Weber, 1970) would also apply to the smectites. However, earlier work on a small number of smectites (Weed and Weber, 1968) indicated that the usual procedure for collapsing a layer silicate, i.e. K-saturation plus heat (600~ in this case), did not prevent diquat and paraquat from entering the interlayer region. The utility of the previous work for characterizing low-charged, expanding layer silicates is therefore limited.
The work to be reported herein was conducted to determine the nature of competitive adsorption of diquat vs, paraquat by expanded smectites and vermiculites as it relates to o-. Data are also reported for a group of kaolinite minerals.
MATERIALS AND METHODS
Kaolinite and smectite clay minerals were collected from various sources ( Table 1 ). The smectites were treated for removal of carbonates (Jackson, 1956 ) and dispersed in water. The kaolinites were similarly dispersed, except that NaOH was added to give a suspension reaction of pH 8-9. Particles greater than 2/x were removed by sedimentation, the fine fraction was saturated with Na and excess electrolyte was removed by dialysis. The separated kaolinite suspensions were adjusted to pH 3,5 prior to Na-saturation. The suspensions were then freeze-dried and the clay stored dry. Vermiculites used were described by Philen, Weed and Weber (1970) .
Cation exchange capacities of the kaolinites and smectites were determined by the method of Rich (1961) and by constructing adsorption isotherms using diquat or paraquat (Weed and Weber, 1968) . In the latter technique, maximum adsorption was taken as a measure of CEC. Surface areas of Na-clays were determined by adsorption of ethylene glycol monoethyl ether (Carter, Heilman and Gonzalez, 1965) .
Potassium contents of vermiculites were determined by decomposing the samples in HF plus H2SO4 (Shapiro and Brannock, 1956 ) after which K was determined flame photometrically. Collapsed vermiculites were prepared by heating the Ksaturated, freeze-dried mineral to 300~ for 1 hr.
Competitive adsorption isotherms were constructed as previously described using the Nasaturated clays (Philen, Weed and Weber, 1970) . Approximately two symmetries of diquat plus paraquat were mixed with 50 mg of smectite or 100 mg of kaolinite. Relative amounts of the two cations were varied while the sum of the two was held constant. The mixtures were shaken for 30 min. Diquat and paraquat remaining in solution were determined spectrophotometrically by adsorption at 307 nm and 257 nm, respectively. Competitive adsorption isotherms for each mineral were constructed by plotting the equivalent fraction of diquat adsorbed against the equivalent fraction of diquat in the equilibrium solution. The Na ion, initially present as the adsorbed cation, was completely exchanged from the kaolinites, smectites, and collapsed vermiculites by the diquat and paraquat and is not included in the calculations. Because of steric hindrance among adsorbed diquat and paraquat on high-charged surfaces, part of the adsorbed Na was not replaced from the expanded vermiculites (Weed and Weber, 1969) . This was less than twenty per cent of the total Na. Again, this was not included in the calculations for these few minerals.
RESULTS
Surface charge densities of the smectites and kaolinites, calculated from diquat adsorption and surface area values are given in Table 2 . Values determined using diquaI adsorption were generally higher than those obtained from CEC determined by Ca adsorption. This is attributable to hydrolysis of Ca from the clay during the washing procedure to remove excess salt (Okazaki, Smith and Moodie, 1962 , and unpublished data of the authors). When the CEC was determined in 1N CaC12, i.e. both Ca and C1 were determined (Rich, 1962) , the net charge was very nearly the same as the charge determined by diquat adsorption. Consequently, surface charge densities calculated from diquat adsorption were assumed to accurately characterize the clays.
Representative competitive adsorption isotherms of diquat versus paraquat for the kaolinites and smectites are shown in Fig. 1 . Isotherms reported previously (Weed and Weber, 1968) for a mica, a collapsed vermiculite, and an expanded vermiculite are included for comparison. The axes represent the equilibrium equivalent fraction of diquat adsorbed, and the equilibrium equivalent fraction of diquat in solution. The dashed line (dia~onal) drawn from (0, 0) to (1, l) represents no preferential adsorption. Isotherms lying to the left of (above) this diagonal indicate preferential adsorption of diquat; isotherms to the right (below) indicate preferential adsorption of paraquat. Intercepts of the isotherms with the other diagonal drawn from (1,0) to (0, 1), were used to characterize competitive adsorption in each system (Philen, Weed and Weber, 1970) . For convenience, this is labelled X.
The isotherms indicate that paraquat was preferentially adsorbed over diquat by all of the smectites and kaolinites. The degree of preference paraquat for selected kaolinites (K1, K10) and smectites (S14, S15, S17). Isotherms for a mica (M1), an expanded vermiculite (V2), and a collapsed vermiculite (V2C), taken from the work of Weed and Weber (1968) are included for comparison. X represents the equivalent fraction of diquat adsorbed at the intercept of the isotherm with the diagonal.
varied, being generally greater for the lowercharged clays. The smectites exhibited an especially strong preference for paraquat. At high solution concentrations of paraquat (low diquat concentration), diquat was essentially excluded from the adsorbed phase. This contrasts with the expanded vermiculite, which showed a strong prefr for diquat, presumably on internal surfaces. On external adsorption sites, the vermiculite exhibited a preference for paraquat, whereas diquat was preferentially adsorbed by the mica. The kaolinites, as a group, showed a slight preference for paraquat over diquat. The isotherms for the kaolinites were quite similar to that obtained for the collapsed vermiculite. Philen, Weed and Weber (1970) reported that for micas and collapsed vermiculites a linear relationship resulted when the values of the intercepts (X) of the isotherms with the diagonal drawn from (1, 0) to (0, 1) were plotted vs. or. The regression line for their data is included for comparison in Figs. 2 and 3 together with data for the smectites and kaolinites.
The smectites apparently are not from the same population as the micas and collapsed vermiculites, and the relationship between X and o-reported previously for the micas and vermiculites appears not to hold for the smectites.
The kaolinites also behaved quite differently 
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SURFACE CHARGE DENSITY 10 4 elu/cm I Fig. 3 . Equivalent fraction of diquat adsorbed (X) as related to surface charge densities of kaolinites. Regression lines in parentheses refer to adsorption by smectites (Fig. 2) , and adsorption by micas and collapsed vermiculites (Philen, Weed and Weber, 1970) .
than the other minerals. This may be partly attributable to excessive variability in determination of specific surface of these minerals. Because of the relatively small specific surface of kaolinite the error associated with its determination was quite large ( Table 2) . The difference between preferential adsorption on external and internal surfaces of vermiculite is illustrated in Figs. 4 of the vermiculites are included in Fig. 5 . These values were used to estimate the degree of expansion of the vermiculites, assuming that all K-ions were present in non-expanded interlayers and that each parent mica was ideal biotite, i.e. 7.5% K. The estimated degrees of expansion were 94, 90, 87, 84 and 30%, respectively, for 0.44, 0-76, 0-98, 1 .17 and 5.24% K. The competitive adsorption data indicate that results are markedly dependent on the degree of expansion of the vermiculite, i.e. on the relative amounts of internal and external surface, This effect is further illustrated by data obtained using mixtures of varying amounts of expanded and collapsed vermiculite V2 (curves A through D in Fig. 4 ). An attempt was made to maintain the total CEC of the mixtures constant, while changing the relative contributions of the expanded and collapsed clays. Potassium exchanged by diquat and paraquat from external surfaces of the collapsed form of the clay was found to be fixed in interlayers of the initially expanded form, thus reducing the amount of internal surface below that predicted. Hence, curve A (Fig. 4) is identical with that found for the completely collapsed clay though the initial mixture was prepared to contain approximately 25 per cent of the expanded form. The data, nevertheless, bear out that as the available interlayer adsorption surfaces decreased, preference for diquat also decreased. The lower extreme, i.e. adsorption on external surfaces only, corresponds to the micas and collapsed vermiculites. The upper extreme is probably not the limit of diquat preference for this material, inasmuch as the sample contained 0-44% native K. Removal of this K would increase internal surface and hence preferential adsorption of diquat. Expressing competitive adsorption as the intercepts of the diagonal with the isotherms Ix) yields the series of values designated by crosses in Fig. 5 . The experimental value for competitive adsorption in any instance represents the sum effect of the two adsorption surfaces. DISCUSSION The smectites, as a group, were not as consistent as the micas and vermiculites in their competitive adsorption behavior. This may be attributable to real differences in the distributions of adsorption sites over the mineral surfaces, or to contaminants in the minerals, leading to inaccurate values for CEC and surface area. The samples were not treated for removal of free iron oxides or amorphous constituents prior to adsorption studies. Harward and Brindley (1966) reported increases in CEC of synthesized smectites following such treatments. Similarly, Harward, Carstea and Sayegh (1969) obtained CEC values 5-20 per cent greater than those reported herein for smectites common to both studies. They had included treatments for removal of free iron and amorphous silica and alumina, presumably present as diluents. The wide range in specific surface values found for the various smectites (Table 2) suggests that inert diluents may have been present in some of these samples, some intePlayers may have been irreversibly collapsed, or interlayer components may have blocked some exchange sites and surface area. X-ray diffraction data indicated some random interstratification of occasional collapsed (10 ,~) layers with expanded (15 A) layers in several of the smectites. Sample $25 exhibited considerable interstratification, an observation supported by the presence of 2.4% K in the Na-washed clay. Sample number S l5 was labelled beidellite by the supplier. However, the X-ray data indicated a regular interstratification of collapsed (10.A,) and expanded (14-15A) spacings (rectorite?). The expanded portion behaved as a smectite.
Extrapolation of the smectite regression line to higher values of • might be expected to accommodate the completely expanded vermiculites, i.e. all K removed. The experimental data (Fig. 5) suggest that completely K-free vermiculites will exhibit a greater preference for diquat than the smectite line predicts, i.e. vermiculite points will lie above the regression line. On the other hand, this may simply be attributable to the scatter in the smectite data points. This scatter, in turn, may be due, not to experimental error, but to heterogeneity in the samples themselves.
The kaolinites exhibited a very narrow range in preference for paraquat (Fig. 3) . The range in CEC was also narrow, though the range in apparent surface charge density was quite large (Table 2 and Fig. 3 ). These differences may not be real, but may reflect the uncertainties associated with surface area measurements. However, if the differences are real, the implications concerning charge expression by the kaolinites are quite interesting. If competitive adsorption on these minerals is truly independent of or, and essentially constant, it suggests that the small amount of permanent charge possessed by the kaolinites behaves more as a surface smear of charge than as discrete adsorption sites, as exhibited by the triphormic minerals. Consequently, there should be little, if any, preferred adsorption of one cation over another of like charge and properties. The rather small preference for paraquat over diquat might be explained by the greater flexibility of the paraquat cation (Weed and Weber, 1968) . This would permit closer approach of more constituent atoms to the clay surface, and thus a greater contribution of van der Waals forces in addition to the coulombic attraction.
The charged, three-layer silicates exhibit a unique correlation between competitive adsorption and surface charge density. If a mineral is either completely collapsed or completely expanded this correlation provides a means of estimating surface charge density from a simple competitive adsorption isotherm. Since the sum ofdiquat plus paraquat adsorbed is a measure of total charge or CEC, one could also estimate surface area. This does not apply to the high-charged expanded vermiculites inasmuch as diquat plus paraquat adsorption on these minerals is less than the CEC (Weed and Weber, 1969) .
